The construction of fully closed check dam (CD) is a conventional flood prevention mechanism implemented on rivers. Fully closed CDs trap large amounts of sediments in rivers to stabilize the river slopes and control erosion. However, fully closed CDs cannot selectively trap sediment and may easily overflow, causing them to losing their ability to mediate and hold sediments. Previous studies proposed the concept of "breathable CDs". The researcher introduced metal slit dam (SD) that could be assembled and disassembled quickly and conveniently. Once a CD reaches maximum capacity, operators must ensure that the water channels of the dam are free from blockage. Moreover, they must inspect the internal accumulation conditions of the dam periodically or immediately following heavy typhoon rains. When necessary, either the sediment buildup in the upriver blockage must be cleared, or the transverse structure of the dam must be removed to allow fine particles to be discharged along with a moderate amount of water. These actions can free up the sediment-storing capacity of the dam for the next heavy typhoon rains. In addition, operators should also inspect the damages inflicted on the dam, such as erosion, wear and tear, and deformation conditions. Damaged components should be disassembled and repaired if possible, or recycled and reused. The present study performed channel tests to simulate closed CDs, SDs, steel pipe dam (SPDs), and steel pipe plus slit dam (SPSDs) for 50-year and 100-year frequency floods. Results were then analyzed to determine the sediment trapping (ST) effects of various CDs, the effects of "adjustable CDs", and the changes of moderated riverbeds.
Introduction
Taiwan is located at the boundary between the Eurasian Plate and the Philippine Sea Plate. The tectonic movement and compression of these plates over millions of years formed the steep and fragile landscape of Taiwan. During the rainy season, excessive rainfall often causes flooding and landslides in many areas of Taiwan. Thus, flood prevention mechanisms must be established in at river locations to reduce the threat of river sediments.
The construction of fully closed check dam (CD) is a conventional flood prevention mechanism implemented on rivers. Fully closed CDs trap large amounts of sediments in rivers to stabilize the river slopes and control erosion [1] - [3] . However, fully closed CDs cannot selectively trap sentiment and may easily overflow, causing them to losing their ability to mediate and hold sediments. Since the after math of Typhoon Morakot, the CDs on Chihpen River have maintained full capacity, gradually elevating the riverbed. If the riverbed continues to elevate each year, the flood area of the river would continue to expand downriver, where numerous densely populated settlements and tourist locations are located, causing irreparable damage to people, farmlands, and private buildings.
Chen et al. [4] and Chen & Wu [5] proposed the concept of "Breathable CDs". The researcher introduced metal slit dam (SD) that could be assembled and disassembled quickly and conveniently. Once a CD reaches maximum capacity, operators must ensure that the water channels of the dam are free from blockage. Moreover, they must inspect the internal accumulation conditions of the dam periodically or immediately following heavy typhoon rains. When necessary, either the sediment buildup in the upriver blockage must be cleared, or the transverse structure of the dam must be removed to allow fine particles to be discharged along with a moderate amount of water [6] - [11] . These actions can free up the sediment-storing capacity of the dam for the next heavy typhoon rains. In addition, operators should also inspect the damages inflicted on the dam, such as erosion, wear and tear, and deformation conditions. Damaged components should be disassembled and repaired if possible, or recycled and reused. CDs should be conceptualized as "sediment traps". "Breathable CD" concepts should also be incorporated to moderate the height of CDs, thereby resolving extant river sedimentation problems.
The present study performed channel tests to simulate closed CDs, SDs, steel pipe dam (SPDs), and steel pipe plus slit dam (SPSDs) 50-year 100-year floods. Results were then analyzed to determine the sediment trapping (ST) effects of various CDs, the effects of "adjustable CDs", and the changes of moderated riverbeds [12] - [15] .
Materials and Methods

Study Area Introduction
The Chihpen River Catchment was selected as the research area, whichis located in the southeastern region of Taiwan (Figure 1) . The west side of the river basin starts from the Central Mountain Range and stretches eastwards to the Pacific Ocean. The south region of the water basin is separated by Guina Mountain, Taimali Mountain, and Xichuan Mountain from the Taimali River basin. At the north border of the Chihpen River basin are the Kedala Mountain, Zhuifen Mountain, and Shemagan Mountain at, which mark the boundary to the Lijia River Watershed. The river extends from northeastern ridgeline to the southwest and the elevation of watershed is between 1000 to 2000 m. The gradient of the flow area is larger upriver, and gradually relaxes towards the mid-river and downriver areas. The development of the land and river terrains in the area is in the early to mature stages. The formation of the river extends along weak strata or cleavage planes, where the tributaries intersect the main river almost perpendicularly. The drainage system has a pattern in between dendritic and rectangular water network.
The construction of Chihpen River CDs results in the sediment deposition and the elevation of the riverbed. Continuous elevation may be disastrous to inhabitants residing downriver or on either side of the river. Therefore, lowering the height of the existent CDs should facilitate the discharge of excessive sediments. On the other hand, since the demolition of dam may increase the slope of the riverbed, which could lead to massive runoffs with upriver sediments during typhoons or heavy rains, it is suggested that a regulative CD should be constructed upstream.
The selected site of the dam in this research is illustrated in Figure 2 . Since the extant CDs primarily function as "sediments control", conventionally they are constructed at narrow sections of the river or mountain passes. On contrary, the purpose of the regulative CD, which will be demonstrated in this study, is "sediment regulation" instead of sediment trapping. Therefore, we chose the site for our research.
Peak Folw Analysis
The dam construction site which is roughly 600 m from Chihpen National Forest Recreational Area and Lelin Bridge was selected for simulation. It is roughly in the mid-river to downstream section of the Chihpen River. ArcGIS was used to determine the length, elevation difference, and the area of the river. The Rziha equation was employed to derive a 1.51 hr concentration time at the simulated dam location, and to further deduce the peak flow of the river ( Table 1) .
In this study, the largest daily rainfall in each year from 1998 to 2015 was used to simulate various recurrence intervals at the simulated dam location. A Pearson's Type III regression model was applied to analyze data generated by the designed triangular unit hydrographs. The flow results at are shown in Table 2 . We first set the flow rate of various CD types at 50-year and 100-year recurrence intervals, and then performed hydraulic channel (HC) simulations to determine the influences on the dam caused by river sediments and the river sedimentation conditions. The flow calculations in this section are based on the results of the HC tests. Figure 3 . A top view and a side view of the channel are shown in Figure 4 . The length and width of the test channel are 190 cm and 30 cm, respectively. The crosssection of the dam location is 72 m, while the width of the test channel is 30 cm. Therefore, the cross-section of the dam location and the width of the test channel were converted to a ratio of 1:240, which is used for paving sediments collected from the research site in the channel and setting the flow at various recurrence intervals. A valve was installed at the rear end of the HC and connected to a water tank. Once the water pressure was stabilized, the valve was used to control the flow of water and sediments were carried by the flow of water. When a constant flow was reached, a fixed amount of sediments was placed in the water tank. By using the gravity and water force to move the sediments, the amount of sediments transported during peak flow was measured to determine the ST effects of various types of CDs during 50-year and 100-year floods.
Hydraulic Model Experiment
Test Channel An overview of the hydraulic test channel is illustrated in
Four types of CDs (closed CD, SD, SPSD and SPD) were placed in the HC for simulations. Subsequently, a 5-cm layer of sediments was paved in the channel according to the down-scaling ratio to examine the ST effects of the various CDs and the sedimentation changes in the channel during flood peaks.
Types of Check Dams
The HC is smaller than the original river. Thus, the cross-section structures must be scaled to size. For testing, acrylic slabs were cut into the shapes of various dam types and used as the cross-sectional structures for simulations. Stainless steel meshes with a grid size of 2.5 mm were selected as the steel pipe material used in SPDs. At a scale of 1:240, a grid size of 2.5 mm would be converted to a grid size of 60 cm in the on-site SPD. Therefore, a stainless steel mesh with a porosity of 2.5 mm was used to simulate the ST effects of the simulated SPSD plus SPD.
The ST effects of four CDs (closed CD, SD, SPSD and SPDs) were simulated using 50-year and 100-year river discharge (Figure 5) .
Design Experimental Sediment Particle Ratio
The width of the HC was 1/240 of that of the riverbed. To realistically simulate sedimentation conditions, the particle size of the sediments measured in a field survey were reduced to 1/240 of the original size. The distribution curve is illustrated in Figure 6 . To comply with actual conditions, the simulations must reflect the sediment particle distribution of the original riverbed. Figure 6 shows that the original median partial sizes were 149 mm (D50) and 250 mm (D95). A reduction to scale produced particle sizes of 0.62 mm for D50 and 1.04 mm for D95. Standard quartz sand was adopted as the experiment sediments. A proportionate amount of the sand was paved within the test channel and the water and sediment tanks. These sediments reflected the upriver sediments of the Chihpen River and it was used to observe the sedimentation conditions of the test channel.
Results and Discussion
Sedimentation Results of the River Curse
The experiment channel was around 190 cm in length. Anchors were placed on both side of the dam structure (1 m upriver and 0.4 m downriver) and then one every 10 cm apart. These anchors were used to measure the sedimentation changes of the riverbed using different transverse structures (closed CD, SD, SPSD and SPD) and river discharges (50-year and 100-year recurrence intervals).
The cross-sectional data of the riverbed are tabulated in Table 3 . The table shows that sediments were transported by the river, where an increasing flow enabled the river to carry a greater amount of sediments downriver. According to the closed CD simulation results, the sediment volume measured on the riverbed in a recurrence interval of 50 years was significantly greater than that of a 100-year A comparison between the closed CD, SD, SPSD and SPD structures showed that without the accumulation of sediments, the capacity of the closed CD was ample to trap and store the sediments. Channel tests were con- ducted with empty dam. The cross-sectional data in Table 3 shows that the ST effects of the closed CD were better than open CD. Since SDs are mostly used for landslide prevention worldwide, the ST effects of the SD structure were unfavorable because the particle size of sediments is smaller than the openings of SDs, so that the gaps between SDs cannot be filled up, which greatly reduces the ST effects of SDs. In terms of the application of steel pipes, the increase of sediments accumulated in the SPD was significantly lower than that of the SPSD. SPDs use the grid structure formed by the metal pipes to trap large sentiments. However, SPSDs can trap even more sediments because they protrude out of the river surface. The cross-sectional data of the SPD and SPSD structures in Table 3 show that both of them can trap sediments before the disassembly of the dam components. After the disassembly, the height of the dam structure is lowered, that effectively allows sediments to flow downriver, thereby achieving the function of sedimentation regulation of the riverbed. Fixed widths of Stainless steel meshes were used to simulate the SPDs because they are easy to disassemble. The SPDs can effectively hold larger amount of sediments on the upriver side of the dam, reducing the potential crises downstream caused by flood peaks. After a flood episode, SPDs can be disassembled for releasing the trapping capacity and allowing the excessive sediments to flow down the river, thereby fully utilizing the advantages of regulative CDs. Hopefully this concept can be applied to the river dam engineering in the future.
Sediment Trapping in Different Transverse Structures
Each kind of transverse structures were put in the test channel to simulate sediment retention under conditions of 50-year and 100-year recurrence interval. Each group underwent three test cycles. 5 kg of quartz sand was placed in the test channel for each test. The outflow of sand was collected, filtered and analyzed to determine the relationship between ST effects and change in sedimentary particle size in various CDs. The amount and ratio of different size of particle in the outflow of each dam are shown in Table 4 and Table 5 .
According to Table 4 , the outflow quantity of the closed CD was significantly less than the other transverse structures because a greater trapping ability reduces the amount of sediment outflow. The closed CD demonstrated a better ST effect, followed by the SPSD. Since the SD is a form of open CD and its trapping area decreases concurrently with the increase in opening size, the ST effects of the SD were significantly lower than the closed CD. On the other hand, the outflow quantity of the SPSD decreases accordingly with an increase in trapping area. Although the SPD is also a type of open dam, its opening is relatively small than a SD (Table 4) . Thus, the ST effect of the SPD was more favorable than that of the SD. One of the advantages of SPDs is that it can be disassembled rapidly and conveniently. In this study a stainless steel mesh was used to simulate steel pipes. The stainless steel mesh was removed after the channel test was performed on the transverse structure for measuring the outflow quantity and the change in sediment particle size. As shown in Table 4 , the ST effects of dam using steel pipes were less favorable than conventional closed CDs. However, the combination of SDs and steel pipes (SPSD) significantly improved the ST effects of SDs. The benefit of stainless steel mesh utilization is that it is "regulative": not only traps excessive sediments but also prevents potential downstream disasters. Comparatively, the ultimate goal for CDs is to maintain their capacity rather than trapping more sediment. Continuous trapping of sediments may lead to the rise of riverbed and the reduction of the flood channeling cross section, which increase the chances of flooding, endangering the side slopes and residents by the river.
The size distribution of sediments in the discharge from various transverse structures is listed in Table 5 . In closed CD and SD, when stainless steel mesh was not used, the size distribution patterns in simulation model and field site were almost proportionally identical. When steel pipes (stainless steel mesh in the simulation) were incorporated, the sediment size ratios changed significantly. The space between the steel pipes influences the size of the sediments retained upriver. Thus, the retention ratio at Filter No. 16 (1.18 mm) reduced significantly, while the retention ratio at Filter No. 50 (0.3 mm) increased significantly. These results show that the use of steel pipes in dam changes the particle size ratio of the sediments, effectively traps larger sediments upriver.
The size ratio of the sediments also changed drastically after the removal of the stainless steel mesh. As seen in Table 5 , the size ratio of the outflow sediment significantly increased once the stainless steel mesh was removed from the dam, particularly Filters No. 8 and No. 16. These results indicate that a decrease in spacing between the metal pipes suppresses larger sediments from moving downriver. When a flood peak arrives, these dams can effectively trap large sediments from traveling downriver, reducing their impact and the occurrence of a disaster.
Conclusion and Suggestions
Conclusions
1) Sediments are transported by floodwater. The larger the discharge is, the more sediment is transported downriver. According to the closed CD simulation results, the sediment volume measured on the riverbed in a recurrence interval of a 50-year was significantly greater than that of a 100-year.
2) The sediment outflow of closed CDs was significantly less than the other transverse structures, suggesting that closed CDs could trap more sediment and manifested a more favorable ST effect, followed by the SPSD. Since the SD is a form of open CD and its trapping area decreases concurrently with the increase in opening size, the ST effects of the SD were significantly lower than the closed CD. On the other hand, the outflow quantity of the SPSD decreases accordingly with an increase in trapping area. Although the SPD is also a type of open dam, its opening is relatively small than a SD (Table 4) . Thus, the ST effect of the SPD was more favorable than that of the SD.
3) The combination of SDs and steel pipes (SPSD) significantly improved the ST effects of SDs. The benefit of stainless steel mesh utilization is that it is "regulative": not only traps excessive sediments but also prevents potential downstream disasters. Comparatively, the ultimate goal for CDs is to maintain their capacity rather than trapping more sediment. Continuous trapping of sediments may lead to the rise of riverbed and the reduction of the flood channeling cross section, which increase the chances of flooding, endangering the side slopes and residents by the river. 4) In closed CD and SD, when stainless steel mesh was not used, the size distribution patterns in simulation model and field site were almost proportionally identical. When steel pipes (stainless steel mesh in the simulation) were incorporated, the sediment size ratios changed significantly. The space between the steel pipes influences the size of the sediments retained upriver. Thus, the retention ratio at Filter No. 16 (1.18 mm) reduced significantly, while the retention ratio at Filter No. 50 (0.3 mm) increased significantly. These results show that the use of steel pipes in dam changes the particle size ratio of the sediments, effectively traps larger sediments upriver.
5) The size ratio of the sediments also changed drastically after the removal of the stainless steel mesh. The size ratio of the outflow sediment significantly increased once the stainless steel mesh was removed from the dam, particularly Filters No. 8 and No. 16. These results indicate that a decrease in spacing between the metal pipes suppresses larger sediments from moving downriver. When a flood peak arrives, these dams can effectively trap large sediments from traveling downriver, reducing their impact and the occurrence of a disaster.
Suggestions
1) Steel pipes can be disassembled easily and conveniently. The incorporation of steel pipes can enhance the ST performance of dam, retaining larger sediments upriver and thus reducing the damages when they flow downriver. After flood peaks, SPD can be disassembled to reduce ST, facilitating the transportation of sediments accumulated during the flood. In this manner, dam become regulative and adjustable. The concept can hopefully be applied in the future construction of river dam.
2) In this study we scaled the width of the Chihpen River proportionately to test the ST effects of various CDs. It is suggested that future research can focus on the micro-observations on the opening intervals of open CDs to determine the transportation pattern of sediments through dam openings and the changes in the riverbed upriver and downriver.
